A target for ISRm3 transposition in Rhizobium meliloti IZ450 is another insertion sequence element, named ISRm5. ISRm5 is 1,340 bp in length and possesses terminal inverted repeats of unequal lengths (27 and 28 bp) and contain five mismatches. An open reading frame that spans 89% of the length of one DNA strand encodes a putative transposase with significant similarity to the putative transposases of 11 insertion sequence elements from diverse bacterial species, including ISRm3 from R. meliloti. Multiple copies and variants of ISRm5 occur in the R. meliloti genome, often in close association with ISRm3. Five ISRm5 copies in two strains were studied, and each was found to be located between 8-bp direct repeats. At two of these loci, which were shown to be highly conserved in R. meliloti, the copies of ISRm5 were found to be associated with pairs of short inverted repeats resembling transcription terminators. This structural arrangement not only may provide a conserved niche for ISRm5 but also may be a preferred target for transposition.
Insertion sequences (IS) are small transposable elements of DNA that are widespread in bacteria (see references 15 and 16 for reviews). They are responsible for various types of genomic modification, including DNA rearrangement, deletion, and duplication. By transposition, they cause insertional mutations which may disrupt genes or modify their transcription. In Rhizobium meliloti, several mutations affecting symbiotic nitrogen fixation with alfalfa (Medicago sativa) have been shown to be the result of spontaneous IS transposition (10, 29, 33, 48) . More than 25 distinct IS elements have been found in this species, and it is common for several to occupy the same genome in multiple copies (39, 50) . We estimate that most R. meliloti strains carry more than 50 IS copies in total, which, if active in transposition, would be expected to have a considerable effect upon genetic stability. This is consistent with the wide genotypic and phenotypic diversity found within the species generally (11) and in field populations (20, 22) . As yet, few detailed studies of the IS elements of R. meliloti have been made beyond their distributions and copy numbers. However, it is already clear that there are significant differences in their primary structures and transposition behaviors (10, 41, 46, 47) .
In this paper, we report the discovery, characterization, and full nucleotide sequence of ISRm5 from R. meliloti IZ450. We describe the structural similarity of two ISRm5-containing loci that are highly conserved in the species. We show that ISRm5 is a target for insertion by ISRm3 (47) and that these IS elements are often closely associated in the R. meliloti genome. ISRm3 and ISRm5 are shown to be structurally distinct elements yet to be related by the similarity of the transposases that they putatively encode. netic analysis was conducted, ignoring gaps, on amino acid positions common to all sequences by using PAUP software (version 3.1) from the Illinois Natural History Survey (43) . Exhaustive searches for all most-parsimonious Wagner trees were conducted by stepwise addition procedures (based upon 100 replicates with a random addition sequence of the putative transposases) and the tree bisectionreconnection branch-swapping algorithm. A strict consensus tree was then generated. The statistics used for goodness of fit (described in PAUP) were Kluge and Farris' consistency index and Farris' retention index. Bootstrap analyses were based upon heuristic searches with 100 replicates, each replicate generated by a different random addition sequence of putative transposases and the tree bisection-reconnection branch-swapping algorithm.
Nucleotide sequence accession number. The GenBank/EMBL accession number for the ISRm5 sequence shown in Fig. 3 is U08627.
RESULTS
Discovery of insertion sequence ISRm5 in R. meliloti. It was shown previously that pRWRm38 (Table 1) contains a fulllength copy of the insertion sequence ISRm3 (47) . A 1.0-kb BamHI-EcoRI fragment of pRWRm38 to one side of ISRm3 was purified, labelled with [ 32 P]dCTP, and used to probe Southern blots of BamHI-digested genomic DNAs from a diverse collection of R. meliloti strains (Table 1) . Multiple bands of hybridization were obtained with this probe, which indicated that pRWRm38 contains a second sequence that is reiterated in the R. meliloti genome, in addition to ISRm3 (Fig. 1) .
The nucleotide sequence on each side of ISRm3 in pRWRm38 was determined with primers (31La and 31Ra) which read out from the ends of ISRm3 (Fig. 2B) . A run of meliloti. An autoradiograph of BamHI fragments of genomic DNA fractionated by gel electrophoresis, blotted, and probed with the 32 P-labelled BamHI-EcoRI fragment purified from pRWRm38 that was later cloned as pRWRm46 is shown. Bands of ISRm5 hybridization that were superimposable on bands of hybridization obtained when the same blot was reprobed for ISRm3 with pRWRm31 are marked (white arrowheads). The positions of common bands which correspond to hybridizing fragments of 2.1 and 6.9 kb containing conserved copies of ISRm5 are indicated (black arrowheads). approximately 500 bases of the combined flanking sequences was used to make a computer search of the GenBank/EMBL database with the program TFasta. This run was found (data not shown) to encode an amino acid sequence with significant similarity to the putative transposases of IS elements belonging to the ISRm3 family (47) . This suggested that, in pRWRm38, ISRm3 is inserted in a sequence that is itself an IS element, which we have designated ISRm5. Characterization of ISRm5 from R. meliloti IZ450 and SU47. A transformant carrying pRWRm49, the wild-type counterpart of pRWRm38 that lacks ISRm3 (Table 1) , was isolated from a pUC19-E. coli bank of BamHI fragments of R. meliloti IZ450 DNA. pRWRm49 was purified and mapped with various restriction enzymes ( Fig. 2A) , and its nucleotide sequence was determined. ISRm5 was determined to be 1,340 bp long ( Fig.   3 ) and to have terminal inverted repeats (TIR) of unequal lengths (27 and 28 bp) containing five mismatches in addition to the unmatched base (Fig. 4A) . The TIR were found to adjoin direct repeats of 8 bp in the flanking DNA (Fig. 4B) .
One DNA strand was found to contain an open reading frame (ORF) which spans the entire length between the TIR, with the exception of 69 nucleotides at the 5Ј end and 19 nucleotides at the 3Ј end (Fig. 3) . ORF1 putatively encodes a transposase of 398 amino acids (45.6 kDa) with an isoelectric point of 8.83. ORF1 is preceded at the 5Ј end by a purine-rich sequence indicative of a potential ribosome binding site (42) . There are two stop codons in frame with ORF1 between the TIR and presumptive initiation codon, and there are two others at the 3Ј end, one of which is part of the TIR (Fig. 3) .
The GϩC content of ISRm5 (61.6%) was found to be similar to that reported (62 to 63%) for the whole of the R. meliloti genome (21) . By use of the program CodonFrequency, the most frequently used codons of ORF1 were found to correspond with those of a set of functional R. meliloti genes, consistent with efficient translation (24) . Further evidence that ORF1 is indigenous to the R. meliloti genome was obtained with the program CodonPreference, which indicated a similar bias for the nucleotide G or C, as opposed to A or T, at the third position of codons; no other reading frame gave this result. The DNA strand complementary to ORF1 was found to contain two ORFs having the capacity to encode protein sequences of 145 and 193 amino acids. Since these ORFs did not show a comparable frequency of codon usage or bias for nucleotides at the third codon position, it was concluded that ORF1 most probably encodes the transposase of ISRm5. By searching the GenBank/EMBL database with the program TFasta, the putative protein encoded by ORF1 was shown to have significant similarity to the putative transposases of ISRm3 and 10 other IS elements of bacteria. Pairwise comparisons done with the program Gap (Table 2) showed that the putative transposase of ISRm5 is most similar (42.6% identity) to that of IS406 from Pseudomonas cepacia (51) .
An additional four copies of ISRm5 (cloned as pRWRm54, pRWRm55, pRWRm56, and pRWRm57) were isolated from two R. meliloti strains (Table 1) by using the internal XhoIBstXI fragment (cloned as pRWRm61) as a specific probe (Fig. 2) . pRWRm54 is a subclone of a member of a pBR322 bank of HindIII fragments from the nod megaplasmid of strain SU47 (RCR2011). pRWRm55, pRWRm56, and pRWRm57 were obtained from cosmids of a pLAFR1 library of R. meliloti IZ450 genomic DNA partially digested with EcoRI. The TIR and flanking sequences of each copy were determined with primers (49La and 49Ra) which read out from the ends of ISRm5 (Fig. 2A) . The left TIR were identical in all copies (27 bp, as in pRWRm49). The right TIR varied by 1 bp which was present in pRWRm56 and pRWRm57 (28 bp, as in pRWR m49) but absent in pRWRm54 and pRWRm55 (27 bp) .
In each clone, ISRm5 was found to be bordered by 8-bp direct repeats characteristic of transposition (Fig. 4B) . In pRWRm54 and pRWRm55, the direct repeats were found to be identical and to be part of a more extensive homology of the ISRm5-containing regions that are evidently conserved in the nod megaplasmid of strains IZ450 and SU47 (Fig. 2C and Fig.  4B ). In pRWRm56, which contains ISRm5 from another genomic location, the pattern of 6 of the 8 bp of the direct repeats was found to be the same as in pRWRm54 and pRWR m55 (Fig. 4B) . Although this pattern ( ACGAT G) was not found in the other two clones sequenced, it indicates that some targets of ISRm5 transposition are not random sequences.
A Southern blot of BamHI-digested total cellular DNAs of A. radiobacter exconjugants carrying individual megaplasmids of R. meliloti SU47 was probed for the presence of ISRm5 with the cloned insert of pRWRm61 as the probe. This showed that the nod and exo megaplasmids each carry one ISRm5 copy (Fig. 5) . As no other plasmids are known to exist in SU47, the chromosome presumably carries the remaining six copies of the ISRm5 complement.
A close physical link between ISRm3 and ISRm5. Because ISRm3 was found to be located within ISRm5 in pRWRm38, we searched for possible associations elsewhere. The Southern blot which had previously been probed for ISRm5 (Fig. 1) was reprobed for ISRm3 with pRWRm31 as a specific probe (Table  1) . Superimposable bands of hybridization for ISRm3 (25 of 84 bands) and ISRm5 (25 of 77 bands) were detected in autoradiograms (Fig. 1, white arrowheads) . This indicated that many BamHI fragments in different strains contain both IS elements or that fragments containing one IS comigrate with fragments In a parallel experiment, digests of the three ISRm5-containing cosmids that gave pRWRm55, pRWRm56, and pRWR m57 (Table 1) were probed for ISRm3 by using pRWRm31. The cosmids that gave pRWRm55 and pRWRm57 were found to contain both ISRm3 and ISRm5. In the cosmid that gave pRWRm55, they were mapped about 6 kb apart (data not shown); in the cosmid that gave pRWRm57, ISRm3 was located within ISRm5 (Fig. 2C ) at a site determined by sequencing to be 93 nucleotides downstream of that in pRWRm38.
Variation among ISRm5 sequences. R. meliloti strains were tested to assess variation among ISRm5 copies. Total cellular DNA was double digested with XhoI and BstXI in order to excise the 0.8-kb fragment from copies which resemble the one sequenced in pRWRm49 (Fig. 2) . Upon probing with pRWR m61 ( Table 1 ), genomes that contained only nonvariant ISRm5 copies gave a single band of hybridization, corresponding to the 0.8-kb fragment. Variant copies, which either lacked BstXI or XhoI sites or had additional restriction sites for these enzymes, gave hybridizing fragments with different sizes (Fig. 6 ). An extreme example was ATCC 9930, in which all of the ISRm5 copies appeared to be variant (Fig. 6) . Some variation could be accounted for by insertions of IS in ISRm5, for example, that of ISRm3 in strain IZ450, which generates an extra XhoI site (Fig. 2C, pRWRm57 ) and thus two variant bands of hybridization (Fig. 6) . Some variant bands were common to the hybridization patterns of several strains, indicating that some variant copies of ISRm5 and their genomic locations are conserved in R. meliloti (Fig. 6) .
Conserved bands of ISRm5 hybridization. Considerable diversity among the ISRm5 hybridization patterns of genomic digests of R. meliloti strains was observed (Fig. 1) . However, two bands corresponding to BamHI fragments of 2.1 and 6.9 kb were a strikingly common feature (Fig. 1, black arrowheads) . In order to determine whether this was more than a coincidence and whether ISRm5 loci are conserved in these strains, tests were made to ascertain whether the hybridizing fragments were homologous other than in respect to ISRm5. pRWRm49 was chosen as a good candidate from which to obtain one probe, on the basis of the size (2.1 kb) of its cloned BamHI insert; pRWRm57 was chosen as a possible candidate from which to obtain the other probe.
In the first test, the 550-bp SalI fragment from the right flank of ISRm5 in pRWRm49 ( Fig. 2A ) was purified and used to reprobe the blot that gave Fig. 1 . Multiple bands of hybridization of variable intensity were observed for all strains (data not shown). The most intense band, by far, corresponded to the lower common band of ISRm5 hybridization (Fig. 1 , lower black arrowhead) in about half of the cases in which the latter had been detected. In the remainder of the cases, the bands did not correspond, which indicated that ISRm5 was inserted in a different fragment of the same size (data not shown). A TFasta search of the GenBank/EMBL database showed the 550-bp SalI fragment to have homology with various bacterial permease genes. Our hybridization results suggest that there are several such genes in R. meliloti.
In the second test, the 360-bp SphI-PvuI fragment from the left flank of pRWRm57 (Fig. 2C ) was purified and used to reprobe the blot that gave Fig. 1 . An intense single band of hybridization was obtained which corresponded to the upper common band of ISRm5 hybridization in every case where this had been detected (Fig. 1, upper black arrowhead; Fig. 7) . It is noteworthy that in strain IZ450 itself, from which the probe was derived, the size of the fragment that hybridized was greater (Fig. 7) and consistent with the presence of ISRm3 in the conserved ISRm5 copy, as cloned in pRWRm57 (Fig. 2C) . Thus, we conclude that both of the ISRm5-containing loci which we tested are highly conserved in R. meliloti.
Conserved copies of ISRm5 are associated with a putative terminator sequence. The nucleotide sequences immediately flanking the conserved copies of ISRm5, as cloned in pRWR m49 and pRWRm57, were analyzed further. In each clone, a similar arrangement of overlapping near-perfect inverted repeats (IR) which are GC rich was found (Fig. 8) . Considerable sequence homology between the two clones was evident. In pRWRm49, the longest IR were found to be 44 bp (93% identity), and ISRm5 was located in the sequence between them. In pRWRm57, the longest IR were found to be 77 bp (81% identity), and ISRm5 was located at the end of one of them. The 8-bp direct repeats that border this copy of ISRm5 are reiterated as part of the IR (Fig. 8) . A Fasta search of the GenBank/EMBL database identified a 10-bp IR sequence within the IR complex of each clone with homology to sequences downstream of the stop codons of genes of R. meliloti and other species (Table 3) . These sequences are similar to known terminators and could thus be functional in the termination of transcription.
To test for further associations between common components of the flanking IR and ISRm5, a 27-nucleotide oligomer from the IR sequence of pRWRm49 (Fig. 8) was synthesized, 5Ј end labelled with 32 P, and used to reprobe the Southern blots of genomic DNA. Under conditions of high stringency (23.3% [vol/vol] formamide at 60ЊC), many bands of hybridization were obtained, indicating that sequences with homology to this probe are abundant in R. meliloti. Indeed, there were so many bands that no single band could unequivocally be shown to correspond to any one band of ISRm5 hybridization (data not shown).
Frequency of ISRm5 transposition. An experiment was carried out to determine the frequency of ISRm5 transposition in comparison with those of ISRm1 and ISRm3 in cells of R. meliloti SU47. Since SU47 is known to possess eight copies of each of these IS elements (47), a possible effect of copy number was discounted. Southern blots of genomic digests of 150 isolates obtained from a liquid culture which had been grown for 500 cell generations were probed for ISRm5 with pRWRm61. No transposition of ISRm5 was detected. When the same blots were probed by using probes specific for ISRm1 and ISRm3, novel transpositions of both elements were detected (47) . Thus, it was concluded that the frequency of nonlethal stable transpositions of ISRm5 in R. meliloti was lower than those of ISRm1 and ISRm3 in SU47 (i.e., Ͻ4 ϫ 10 Ϫ5 per generation per cell) under the conditions of this experiment.
DISCUSSION
In this paper, we report the discovery and characterization of a novel 1,340-bp IS element, designated ISRm5. ISRm5 is unusual because it is frequently associated with ISRm3 in R. meliloti DNA. A survey of 15 strains showed that about onethird of genomic BamHI fragments which contain either one of these IS also contain the other. One combination of ISRm3 and ISRm5 (6.5 kb apart) is known to be the compound repeat sequence IV located in a conserved region of the nod megaplasmid of strain RCR2011 (SU47) (31, 47) . In two cases, ISRm3 was found to be located within ISRm5 itself, a situation comparable to that reported for two IS elements in Pseudomonas syringae (40) . Most of the 15 R. meliloti strains tested were shown to possess at least one variant copy of ISRm5. Virtually no variation was detected in ISRm3 in these strains (47) , and it is therefore possible that ISRm5 has a more ancient history in R. meliloti than ISRm3.
The primary structure of ISRm5, like that of ISRm3, is typical of the class of IS elements that have one long ORF (47) . The deduced amino acid sequence was shown to have significant similarity to the sequences of putative transposases of ISRm3 and 10 other IS elements from gram-negative and gram-positive bacteria which are currently accessible in the GenBank/EMBL database. The putative transposases of ISRm5 (Table 3) . Shaded sequences represent the 8-bp direct repeats which border ISRm5. The nonpaired loop sequence (X) of pRWRm57 consists of 37 nucleotides, including the 4 shown. The probe sequence used to test for related sequences in R. meliloti was the perfect IR of the upper sequence in pRWRm49, spanning components 1 and 3 (27 nucleotides (Fig. 9 ). ISRm5 was also found to be most like IS406 at the level of DNA homology (52.6% nucleotide identity), indicating that these elements have evolved relatively recently from a common ancestor. The frequency of ISRm5 transposition was below the level of direct measurement (10 Ϫ5 per generation per cell) in cells of strain SU47 grown in liquid culture for 500 generations. However, its transposition activity in R. meliloti can be inferred from the diversity of hybridization patterns and copy numbers (1 to 9) among strains. Transposition was also evident from sequence data that showed all ISRm5 copies tested to have bordering pairs of 8-bp direct repeats. The 8-bp repeats bordering two copies from different strains were shown to be the same (cloned as pRWRm54 and pRWRm55, respectively, from strains SU47 and IZ450). The simplest explanation for this may be that the whole ISRm5-containing locus was inherited by each strain from a common ancestor. However, since pRWRm54 was derived from the nod megaplasmid of SU47 (Table 1) , it is also possible that this replicon, or part of it, was transferred between strains.
Common bands in hybridization patterns suggested that two other copies of ISRm5 are highly conserved in R. meliloti. Confirmation was obtained by using probes for DNA neighboring ISRm5 at these loci. There was total correspondence of hybridizing fragments for one of the common bands and partial correspondence for the other. At both of these conserved loci, DNA sequence analysis revealed a complex arrangement of overlapping IR intimately associated with ISRm5. A near-iden- 
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Sequence in which two pairs of near-identical terminator-like IR were detected, one pair of which is shown here.
3140 LABERGE ET AL. J. BACTERIOL. tical 10-bp IR was found at the core of each complex, which computer searches showed was comparable to terminator-like sequences of other bacteria. The results of probing indicated that such sequences are prevalent in R. meliloti. Thus, in this work, we have shown that ISRm5 is conserved in R. meliloti in IR complexes which include pairs of terminator-like sequences. Insertions at such locations would perhaps not be expected to disrupt gene function or to be subject to powerful selection. Whether these locations are merely niches where ISRm5 is conserved or whether they are also preferred targets for transposition remains an open question. It is of interest, in this context, that ISRm3 was found inserted in ISRm5 at both loci which were shown to contain IR complexes and that IR complexes were not found at any other ISRm5-containing loci. We conclude, therefore, that the prime target for insertion by ISRm3 may have been not ISRm5 alone but, rather, the whole IR complex of which ISRm5 is part.
Recently, it has been reported that there is similarity between the putative transposases of the family of IS elements to which ISRm5 is shown here to belong and the Mutator autonomous element of maize (12) . This suggests, as an interesting possibility for further work, that there may have been a common ancestral element or that transfer between bacteria and plants has taken place.
